The electrical Hall effect is the production of a transverse voltage under an out-of-plane magnetic field [1]. Historically, studies of the Hall effect have led to major breakthroughs including the discoveries of Berry curvature and the topological Chern invariants [2, 3]. In magnets, the internal magnetization allows
The electrical Hall effect is the production of a transverse voltage under an out-of-plane magnetic field [1] . Historically, studies of the Hall effect have led to major breakthroughs including the discoveries of Berry curvature and the topological Chern invariants [2, 3] . In magnets, the internal magnetization allows
Hall conductivity in the absence of external magnetic field [3] . This anomalous Hall effect (AHE) has become an important tool to study quantum magnets [3] [4] [5] [6] [7] [8] . In nonmagnetic materials without external magnetic fields, the electrical Hall effect is rarely explored because of the constraint by time-reversal symmetry.
However, strictly speaking, only the Hall effect in the linear response regime, i.e., the Hall voltage linearly proportional to the external electric field, identically vanishes due to time-reversal symmetry [9] . The Hall effect in the nonlinear response regime, on the other hand, may not be subject to such symmetry constraints [10] [11] [12] . Here, we report the observation of the nonlinear Hall effect (NLHE) [12] in the electrical transport of the nonmagnetic 2D quantum material, bilayer WTe 2 . Specifically, flowing an electrical current in bilayer WTe 2 leads to a nonlinear Hall voltage in the absence of magnetic field. The NLHE exhibits unusual properties sharply distinct from the AHE in metals: The NLHE shows a quadratic I -V characteristic; It strongly dominates the nonlinear longitudinal response, leading to a Hall angle of ∼ 90
• . We further show that the NLHE directly measures the "dipole moment" [12] of the Berry curvature, which arises from layer-polarized Dirac fermions in bilayer WTe 2 . Our results demonstrate a new Hall effect and provide a powerful methodology to detect Berry curvature in a wide range of nonmagnetic quantum materials in an energy-resolved way. However, electrical Hall effects beyond this paradigm are in fact theoretically possible.
While Hall effects in the linear response regime (abbreviated as LHE) must exhibit the properties described above, those in the nonlinear response regime (abbreviated as NLHE)
are not subject to the same constraints and therefore may possess completely distinct characteristics. Building upon previous theoretical works [10, 11] , the second-order NLHE was recently proposed in Ref. [12] . It was pointed out that [12] , apart from the momentumintegrated Berry curvature that is responsible for the LHE, there can be other important properties concerning the Berry curvature. Particularly, even in a nonmagnetic material, inversion symmetry breaking may segregate the positive and negative Berry curvatures at different k regions (Fig. 1d ), leading to a dipole moment. Such a "Berry curvature dipole" was proposed only very recently [12] and its various experimental consequences are still being explored [12] [13] [14] . Interestingly, the Berry curvature dipole can also give rise to an electrical
Hall effect [12] , albeit in the second-order response. As depicted in Fig. 1c , a nonlinear Hall effect is induced by an electric field parallel to the Berry curvature dipole Λ. The exciting possibility of realizing electrical Hall effects in a wide class of nonmagnetic materials immediately attracted great interest [15] [16] [17] [18] [19] [20] [21] [22] . We have carefully considered possible material platforms according to the following three criterions: the existence of Berry curvature hotspots, the desired crystalline symmetry properties and the presence of additional experimental tuning parameters. We have identified the 2D quantum material, bilayer WTe 2 , as an ideal material platform (see supplementary information SI.I).
Recently, WTe 2 has attracted significant interest because of its remarkable properties both in bulk and in monolayer [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . In particular, monolayer WTe 2 was found to show a high-temperature quantum spin Hall state [25, [27] [28] [29] [30] and gate-tunable superconductivity [31, 32] . On the other hand, the electronic properties of bilayer WTe 2 remain relatively unexplored, apart from recent transport measurements [28] and first-principles calculations [27] that showed a semiconductor/semimetal state with a tiny band gap of a few meV.
Since monolayer WTe 2 features a Dirac fermion at each Q(Q ) point [25, 28] (Extended Data Fig. 1 [26, 35, 36] because of the stacking arrangement [34] , a behavior opposite to the hexagonal transition-metal dichalcogenides (TMD). In fact, the only crystalline symmetry for bilayer WTe 2 is the mirror plane M a (Fig. 1e) . Because of M a , the Berry curvature dipole (a pseudovector) is required to be parallel to theâ axis (Fig. 1g) . Therefore, according to the schematic illustration in Fig. 1c , a nonlinear Hall voltage is expected to appear along theb axis in response to an external electric field alongâ (Fig. 1e) .
We have fabricated high-quality, encapsulated, dual-gated bilayer WTe 2 devices (Fig. 1h) , which allow us to independently control the charge density n and the out-of-plane electrical displacement field D. To optimize the devices for testing the NLHE, flakes with long, straight edges (an indication of the crystalline axis [35] ) were selected and contacts were aligned along the straight edges. We start by studying the four-probe resistance of bilayer WTe 2 . Remarkably, the resistance is strongly asymmetric about D = 0 (Fig. 1i) . To clearly illustrate this property, we plot the resistance at charge neutrality as a function of hexagonal TMDs and monolayer WTe 2 . The large hysteresis in regime IV suggests a D-field driven ferroelectric switching [32] . In SI.II.3, we show that both the asymmetric resistance profile and the ferroelectric switching are evidence for bilayer WTe 2 's low symmetry nature, in agreement with previous studies [26, 35, 36] .
To further confirm the bilayer's inversion symmetry breaking nature and to determine the crystalline axes, we study the circular photogalvanic effect (CPGE) in the mid-infrared regime ( ω 120 meV). As shown in Fig. 2c , the CPGE in bilayer WTe 2 is about an order of magnitude stronger than that of monolayer WTe 2 , which clearly demonstrates the bilayer's strong inversion symmetry breaking. Moreover, the D-field dependence of the CPGE is asymmetric about D = 0 in bilayer but roughly symmetric in monolayer (Fig. 2c) , consistent with the resistance behavior (Figs. 1i,j) . Furthermore, the CPGE's clear directional dependence allows us to determine the crystalline axes (SI.IV): As shown in Fig. 2b , the direction connecting electrodes 7 − 8 roughly corresponds to the crystallinê a axis, which is also consistent with the shape of the bilayer flake (Fig. 2a) .
With the inversion symmetry breaking nature confirmed and the crystalline axes determined, we now explore the NLHE in bilayer WTe 2 . Phenomenologically, the NLHE can We then perform systematic measurements at T = 10 K (Fig. 3) . The gate map of We enumerate here the key essential data, including the clear observation of the nonlinear
Hall voltage V 2ω baa , its dominance over the longitudinal response, its unique gate dependence, and its consistency between many combinations of electrodes. These data are crucial for excluding various extrinsic effects. For instance, an accidental diode at the contact/sample interface can lead to a rectification effect. However, that extrinsic signal should not show "Hall dominance", and can also be ruled out by the consistent data between many combinations of electrodes. In SI.VIII, we present a systematic discussion on how extrinsic effects are carefully considered and excluded. We now consider the Berry curvature dipole induced NLHE as the possible origin for our data. Indeed, our observation of the nonlinear Hall voltage V 2ω baa is consistent with the general symmetry expectation for the Berry curvature dipole effect in bilayer WTe 2 (Fig. 1e) . To more directly confirm this origin, we take advantage of the additional tuning parameters enabled by the dual gating. In particular, our V 2ω baa data exhibits a unique gate dependence, consisting of a strong dependence on the displacement D-field and multiple sign-reversals as a function of the chemical potential ε F . These distinct experimental features over a large parameter space provide rich information about the physical origin, which can be directly compared with the Berry curvature behavior in bilayer WTe 2 .
We provide a physical picture to elucidate the highly unusual Berry curvature dipole in bilayer WTe 2 . This physical picture allows us to understand why a large Berry curvature dipole can be formed by asymmetrically coupled Dirac fermions and some of its key features at different energies. As a starting point, a massless Dirac fermion (as in graphene) has no Berry curvature (Fig. 4a) . Gapping it out by breaking inversion symmetry (as in gapped graphene or hexagonal TMD monolayers) leads to large Berry curvatures Ω near the gap edges [33] (Fig. 4b) . The Berry curvature dipole Λ, however, is still zero, because Ω is uniform around the Fermi surface (Fig. 4b) . To describe the same fact mathematically, we write down the expression for Λ [12] :
where ε and k are the energy and wave-vector, ε F is the Fermi energy, and ( Fig. 4c ), leading to a nonzero Λ. Importantly, for a single Dirac fermion, Λ is opposite for the conduction and valence bands (see Fig. 4c and Eq. 1). We now consider bilayer WTe 2 . In the absence of inter-layer coupling and SOC, the Q point features a pair of decoupled, massless Dirac fermions of opposite chirality (one from each layer, Fig. 4d ). We now turn on inter-layer coupling: (1) The two Dirac fermions are both gapped because of the explicit breaking of inversion symmetry due to inter-layer coupling (Fig. 4e) . (2) Also because of the coupling, the two Dirac fermions are shifted with respect to each other and open up gaps wherever they cross (Fig. 4f ) . To capture the essential physics, we only considered the shift along momentum but ignored the shift along energy. As a result, we arrive at a quite dramatic scenario where the left-and right-movers have the opposite Berry curvatures (Fig. 4f ). This relatively simple physical picture already captures some of the key features in our data: (1)
The asymmetrically coupled Dirac fermions lead to a large Berry curvature dipole alongâ, consistent with the observed nonlinear Hall voltage V 2ω baa ; (2) The Berry curvature dipole has the same sign for the conduction and valence bands immediately next to charge neutrality, consistent with the V 2ω baa data at D = 0. In SI.V and VI, we further consider the shift along energy, the inclusion of SOC and the effect of the D-field, which allow us to capture and understand other main features of the data including the sign reversal at large hole dopings and the appearance of the sharp blue feature. In particular, the sharp blue feature at D > 0 (Fig. 3a) arises from an anti-crossing (a massive Dirac fermion) formed between the lowest two conduction bands (the green circle in Extended Data Fig. 2d , see SI.V).
Finally, we determine the Berry curvature dipole Λ a (Figs. 4g-i (Fig. 4i) , which is also captured in theory (Fig. 4l) Our results demonstrate a new type of Hall effect. Remarkably, this is an electrical Hall effect in a nonmagnetic material and in the absence of magnetic field. We also highlight its importance as a Berry curvature probe. While the AHE has been widely used to measure the Berry curvature of magnetic metals/semimetals, a similar probe for nonmagnetic counterparts has remained elusive. Importantly, the NLHE signal always corresponds to the Berry curvature dipole at the Fermi level, independent of band structure details (e.g. the absence/presence of SOC and the number of Fermi surfaces); To get the Berry curvature dipole from the NLHE signal, only the Drude relaxation time τ is further needed, which can be obtained from standard electrical transport. These characteristics highlight the NLHE as a powerful and universal probe of the Berry curvatures in nonmagnetic quantum metals and semimetals. This is complementary to previous optoelectronic approaches in wide-gap semiconductors with valley selection rules [33, 37] . Moreover, the NLHE provides an important inspiration: How Berry curvature distribute in k space (e.g. the Berry curvature dipole and Berry curvature quadruple) can modify electrical, thermoelectric, optical, plasmonic and other key properties of quantum materials, giving rise to novel effects beyond existing paradigm. More broadly, nonlinear electrical transport from intrinsic quantum or topological properties is an unexplored territory with ample exciting possibilities. For instance, many ordered states (charge-density waves, superconductivity, etc.) manifest as the breaking of a particular symmetry for the electrons near the Fermi level. Because the nonlinear transport here combines sensitivity to symmetry as in nonlinear optics and sensitivity to Fermi energy physics as in regular transport, it may be used to probe order parameters of novel broken symmetry states [38, 39] . Finally, the responsivity of our WTe 2 device, defined as the ratio between the output nonlinear voltage and the input power (
) reaches a large value of 10 4 V/W (see SI. IX for discussions). The large responsivity highlights the potential for using intrinsic quantum properties of homogenous quantum materials for nonlinear applications including frequency-doubling and rectification. The generalization to gigahertz or terahertz frequencies might be useful for next generation wireless technologies. [6] Nakatsuji, S., Kiyohara, N. & Higo, T. Large anomalous Hall effect in a non-collinear antiferromagnet at room temperature. Nature 527, 212-215 (2015).
[7] Yasuda, K. et al. Geometric Hall effects in topological insulator heterostructures. Nature Phys. 12, 555-559 (2016). shows that V second-order always consists of a second-harmonic component and a DC component. The coexistence of second-harmonic and DC components is a generic property for various second-order transport effects including the NLHE [12] , the nonreciprocal current with magnetic fields [38, 41, 42] , the spin-torque in magnetic materials/hetereostructures [26, 36, 43, 44] and for other rectification effects on diodes and other external junctions (see SI. VIII). Similar to measurements on the reciprocal current and the magnetic spin-torque [26, 36, 38, [41] [42] [43] [44] , we focus on the second-harmonic signals because it allows us to utilize the lock-in technique which greatly enhances the measurement sensitivity and precision.
First-principles calculations: First-principles band structure calculations were performed using the projector augmented wave method as implemented in the VASP package 
